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ABSTRACT

The human equilibrative nucleoside transporters (hENTSs) are important proteins that allow nucleosides and
nucleobases permeation into the cell. hENT 1 is a promising target against heart and Huntington’s diseases as its
inhibition mediates cardiac- and neural protection effects, respectively. However, the current hENT1 inhibitors
have significant off-target effects and poor pharmacological profile, hence there is need for new novel inhibitors.
Therefore, we developed a computational protocol that identified and selected inhibitors of hENT1 in an efficient
and specific manner. First, several pharmacophores were created using a set of known inhibitors. Consequently,
the best inhibitor pharmacophore exhibited as high selectivity and specificity rates as 92% and 88%, respectively.
Furthermore, another pharmacophore was validated for the oppositely acting type of the hENT1 molecules (i.e.
permeants) to act as an extra refinement step in our search for hENT1 inhibitors. Interestingly, employing the
inhibitor pharmacophore as a filter-in along with the permeant pharmacophore as a filter-out resulted in up to two-
fold enhancement of docking-based virtual screening results of hENT1 inhibitors. This in silico approach can
prove very useful in the development of new cardio- and neuroprotective hENT1 inhibitors.
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INTRODUCTION

Equilibrative nucleoside transporters (ENTs) are
transmembrane integral membrane proteins responsible
for the transport of nucleosides and nucleobases across
membranes of cells. Purine and pyrimidine nucleosides
and nucleobases are crucial biological molecules for
prokaryotic and eukaryotic cell physiology as they are the
building blocks for DNA/RNA synthesis.'> Certain cell
types such as the brain and bone marrow cells are

incapable of nucleotides de novo synthesis. Hence, they
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rely solely on the ENT salvage pathway for their
nucleobase/nucleoside requirements. Moreover, ENTs
regulate the flux of nucleosides such as adenosine across
the cell membrane and therefore indirectly influence the
purinergic cell singling pathway.!> ENTs role is not
limited to its physiological contribution but
pharmacologically, ENTs are primary drug targets shown
to modulate the efficacy of > 30 FDA/EMA approved
drugs, including cardiovascular agents.! ENTs serve as a
molecular target for drug binding, such as antihypertensive
and antiarrhythmic agents,! that mediates their
cardioprotective effects.

To date, four human ENTs isoforms (hENT1-4) have
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been identified with hENT1 being the most studied and
best characterized."* hENT1 is ubiquitously distributed
and primarily found in the plasma membranes of various
tissues ''»°. The structure of hENTI consists of 11 TM
helices with extracellular C-terminus and cytoplasmic N-
terminus."® The structure was confirmed by glycosylation
scanning mutagenesis’ and more recently by the first
crystal structure of this protein.® Crystallography structural
studies of the inhibitors nitrobenzylthioinosine (NBTI) and
dilazep-hENT1 complexes show that these two inhibitors
shared a binding site termed “orthosteric site” within the
hENTI central cavity.® Potent hENTI inhibitors include
the adenosine analog, NBTI, and coronary vasodilators,
dipyridamole and dilazep, with K; values reported to be in
the nanomolar range.? Furthermore, hENT1 is inhibited by
a vast array of structurally diverse agents such as tyrosine-
and serine/threonine kinase inhibitors, benzodiazepines,
and calcium channel blockers but to a lesser extent than the
aforementioned potent inhibitors.'?

Therapeutically, hENT1 is a target for drugs that are
inhibitors which blocks its transport activity. ENT1 inhibitor's
therapeutic role in ischemic heart disease and
cardioprotection has been well established. ENT1 genetic
knockout or pharmacological inhibition via NBTI and
dipyridamole resulted in attenuation of myocardial damage
evident by the reduction in infarct size and ventricular
dysfunction following ischemia/perfusion injury.'? The
nucleoside adenosine mediates ENT1 cardioprotective effect.
ENT1 inhibition
concentration, which potentiates adenosine receptors-
2,12,13

increase  adenosine  extracellular
purinergic signaling cardioprotective effects.

Several lines of evidences have shown that ENTI
inhibition and enhanced adenosine mediated signaling has a
neuroprotective effect. Prior research has shown that ENT1
was upregulated in Huntington’s disease mouse models and
patients at the early severity stage.'*!* Moreover, extracellular
striatal level of adenosine was significantly lowered in two
Huntington’s disease mouse models than controls,'

potentially due to enhanced intracellular uptake of adenosine
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via the upregulated ENT1. It was established that ENT1
pharmacological inhibition via JMF1907 or ENT1 genetic
removal increased striatum extracellular adenosine and
enhanced survival of Huntington’s diseased mice."
Furthermore, N6-(4-hydroxybenzyl) adenine riboside
(designated T1-11), an adenosine receptor A2AR activator
and ENT1 inhibitor, was shown to reduce deterioration of
motor coordination and striatal Htt aggregates, a major
pathological feature of Huntington’s disease.'® Hence, ENT1
inhibitors can serve as a promising therapeutic target for
delaying the onset and treatment of Huntington’s disease.'*!”

Despite the therapeutic application of hENT1 inhibitors,
limitations/unfavourable pharmacological properties
associated with the present potent inhibitors has been
reported. NBTI off-target effects have been reported in the
cardiovascular system.'® and the nitro group of NBTI has
been suggested to cause potential liver toxicity.!®
Furthermore, it has been suggested that the polar nature of
NBTI reduces its oral bioavailability and crossing through the
blood-brain barrier.! Dipyridamole has a high binding
affinity for a1-acid glycoprotein, which lowers its availability
and efficacity as a nucleoside transporter inhibitor.!® Given
the significant limitations of the current hENT1
inhibitors, there is an imperative need to develop new
hENT1 inhibitors. In this project, we aim to develop a
computational approach that can efficiently identify the
therapeutically valuable hENT1 inhibitors by investigating
their physicochemical characteristics and establishing their
pharmacophoric features. The data extracted from this step
will be then employed in a novel structure-based drug
discovery approach.

2. METHODS

2.1 Pharmacophore generation

As a starting point for developing the pharmacophore
model, the inhibitor database underwent ligand preparation
by Maestro software using LigPrep where accurate, energy
minimized 3D structure for each ligand with all tautomeric
and ionization states (at pH 7.4 + 0.2, i.e., physiological pH)

were generated. Additionally, ring conformations, and
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stereoisomerism were taken into consideration at this stage to
ensure the generation of each molecule's biologically active
form in the inhibitors dataset.

For the pharmacophore generation, the pharmacophore
features (queries) are constructed based on ligands
superimposed conformations (aligned on top of each other) in
MOE software to determine features that are common to the
aligned ligands.? Initially, a “training set” was prepared for
the inhibitor’s library based on several selection criteria such
as the number of rotatable bonds, molecular weight, various
structural scaffolds, and ICs¢/ K values.

2.2 Docking into the hENT1 transporter

For docking, co-crystallized structure for the hENT1
transporter with an inhibitor was obtained from the protein
data bank (PDB, ID: 60B7)%. The co-crystallized inhibitor
and the water molecules were removed from the hENT1
structure. The removal of water was considered in this case as
we do not have enough data about the presence of highly
structured waters in the active site that are usually considered
during docking.?!

The protein structure preparation was then carried out
by MOE using the protein preparation wizard that checks
for missing residues, atoms, or loops and makes the
corrections accordingly.?? Later, H-bond optimization for
the protein was performed by Protonate 3D method to
maximize H-bond networks and reduce the overall self-
energy. Further protein preparation was performed by the
Maestro protein preparation module prior to Grid
generation.”* Using Receptor Grid Generation in Glide, a
grid box was created to contain the docking site. The
ligand-binding site was considered a centroid for grid box
generation, consisting of a three-dimensional network of
regularly spaced points. For all VS protocols, the ligands
were docked into the hENT1 binding site using the Glide
docking tool in Maestro using the GLIDE-XP method.?*

3.3 Analysis of hLENT1-Inhibitor complexes

The protein-ligand interaction fingerprint (PLIF)
method has been previously described.?> The generated
PLIF graph showed the interaction occupancy of all

residues present within the hENT1 binding site.

3. RESULTS AND DISCUSSUION

3.1 hENT1 inhibitors database building

The first step of the study was the development of the
hENT1 inhibitors library to determine their general
structural characteristics and pharmacophoric features. An
extensive search of the literature was performed to compile
a library of known hENTI inhibitors along with their
Ki/ICsg values. Using various search engines, a set of 56
known inhibitors were identified from the literature
mining (Supporting Information Table S1, S2). For
comparative analysis, we also prepared an additional
library that constitutes of 18 known hENT1 permeants
(Supporting Information Table S3, S4), which are
substrates that are transported intracellularly via hRENT1.!
Then, a 3D structures of all ligands were built and
prepared, via the MOE software?® resulting in two
databases, one that contained the inhibitors molecules,
while the other one contained the permeants.

3.2 Physiochemical properties assessment

To determine the general structural characteristics of
the inhibitors, several physicochemical properties were
computationally calculated using the MOE descriptors
calculator function’” and compared to the permeant’s
physicochemical properties (Table 1). It was observed that
the mean molecular weight (mean MWT) for inhibitors
was 473.52 Da, which was 76% larger than permeants
(269.7 Da). Also, inhibitors seemed to be much more
flexible than permeants, as they had a greater number of
rotatable bonds by more than four-fold, with a mean value
of 10 in comparison to 2.22 in permeants. In terms of
polarity, inhibitors showed higher hydrophobicity than
permeants as they exhibited a higher value of partition
coefficient and hydrophobic surface area (Log P 1.87,
HSA 708.63 A2) than that of permeants (Log P: -1.56,
HSA: 423.79). Furthermore, hydrogen bonding capability
was less in inhibitors than in permeants as the mean
number of hydrogen bond acceptors for inhibitors and

permeants was 4.82 and 6.05, respectively, while the mean
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number of hydrogen bond donors was 2.0 and 3.72,
respectively. Hence, in terms of binding, the inhibitors are
more likely to bind through hydrophobic contact. To sum
up, while permeants seem to occupy small hydrophilic
pocket, the hENT1 inhibitors appear to sit in a larger
pocket (that might be partially shared with permeants),
with the ability to make a mixed type of polar and nonpolar

contacts with the surrounding residues.

&

©) (4)
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3.3 Pharmacophore hENT1 inhibitor model
generation

Four molecules from different scaffolds, that were
small in size, least flexible and had different levels of
Ki/ICsy values, were chosen as the training set for the
hENT1 inhibitor pharmacophore generation (i.e., NBTI,
Dipyridamole, Diazepam, and Dimoxyline) (Figure 1,
Supporting information Table S1)

Figure 1. Structures of inhibitor’s training set. (1) NBTI, (2) Diazepam, (3) Dipyridamole, (4) Dimoxyline.

The hENTI inhibitors training set was then used to
generate the pharmacophore models using the MOE
software pharmacophore elucidator. The objective of
pharmacophore elucidation is to search for the
pharmacophore queries (denoted as PH4) with the best
overlay of the superimposed conformations of the training
set.?02% Also, we specified seven pharmacophore features
which were Hydrogen bond donor/acceptor (Don/Acc),
Aromatic (Aro), Hydrophobic (Hyd), Hydrogen bond
donor/acceptor projection (Don2/ Acc2), Pi ring (PiR),
cationic (Cat) and anionic (Ani) to be taken into account
when generating the pharmacophore queries (Supporting
information Table S5). This step resulted in the generation
of many queries, from which the top 50 with the highest
overlaying score were selected. These pharmacophore
queries were then validated using a “test set” of known
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hENT]1 ligands, which were either inhibitors or permeants
(Supporting information, Table S2, S4). These inhibitors
and permeants test sets were used in assessing the
selectivity (Se) and specificity (Sp) rates of the
pharmacophore queries. Selectivity assesses the efficiency
of the developed pharmacophores in selecting the desired
ligand (true positives), while specificity measures the
pharmacophore efficiency in eliminating those ligands that
belong to the other class of hENT1 ligand (which were
added as true negatives in this case). %

A four- and five- feature pharmacophore queries were
generated from the training set's four inhibitors. Table 2
lists the top pharmacophoric queries with the best
selectivity and specificity rates. Although PH4-40 had the
highest specificity value of 100% among other
pharmacophores, it couldn't pick up more than 90% of the
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inhibitors compared to those that picked 92.3% and
94.23% of the screened inhibitors as seen in PH4-36 and
PH4-4. The pharmacophore PH4-36 showed the best
balance of selectivity and specificity, with Se and Sp
values of 92.3% and 87.5%, respectively (Table 2). This
means that PH4-36 was able to pick more than 90% of the

screened inhibitors while filtering out more than 80% of

the screened permeants. Figure 2a shows the most active
hit inhibitor aligned to PH4-36, fulfilling all
pharmacophore features. On the other hand, Figure 2b
shows one of the filtered-out permeant along with PH4-36
that did not fulfil the pharmacophore where the two
hydrophobic features were absent, as well as the absence

of H-bond acceptor projection feature.

(b)

Figure 2. (@) hENTL1 inhibitor aligned to PH4-36 fitting all pharmacophore features. (b) hENT1 permeants
aligned to PH4-36 missing the two hydrophobic and acceptor projection features of the pharmacophore.

Figure 3a shows the overlay of the four training set
inhibitors that resulted in generating query PH4-36 which
exhibited the following features: (1) hydrophobic centroid
feature with 1.2 in diameter; (2) hydrophobic centroid
feature 1.4 in diameter; (3) Hydrogen bond acceptor

projection and (4) aromatic or hydrophobic centroid
feature (Figure 3b, 3c). Distance and angles between the
features were shown in Figure 3d. For the other best
performing inhibitor pharmacophore queries features

listed in Table 2, see Supporting information Figure S1.
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(c)
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(b)

8.82

23.2

(d)

Figure 3. Pharmacophore query PH4-36 of the hENT1 inhibitors. (a) The inhibitors training set, consisting of 4
ligands, molecular superimposition. (b) An inhibitor molecule aligned with the pharmacophore query no. 36. (c)
pharmacophoric features. (d) distances and angles between the pharmacophore features.

Similar to the PH4-36 features, prior research had
shown that the best performing pharmacophoric features
of ENT1 inhibitors were three hydrogen-bond acceptors,
two aromatic rings, and a hydrophobic group generated by
the PHASE modeling program using the potent ENT1
inhibitor NBTI and its two structurally related analogs.*
Also, in partial agreement with our findings, Chen, et al.
(2011) constructed a pharmacophore model that consisted
of one aromatic ring and two hydrogen bond acceptors
using the Catalyst program, based on one scaffold training
set of structurally related 25 hENT1 inhibitors.3!

Generally, some of the pharmacophoric features such
as hydrogen bond acceptor and aromatic ring were
common between our study and the studies mentioned
above. However, the number of these pharmacophoric
features differed among the studies. The variation in the
number of features is due to the differences in the
modeling program used and the different training
compound sets utilized for pharmacophore model
generation. It is also important to note that the previously

mentioned studies had utilized a single scaffold in their
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relevant training sets.3*3! On the other hand, we used four
different scaffolds for pharmacophore generation, and
hence PH4-36 shall be considered as a generalized
pharmacophore that can help in discovering other new and
novel scaffolds of hENT1 inhibitors.

For permeant pharmacophore generation, the training
set consisted of two different scaffold molecules (Guanosine
and Gemcitabine) (Supporting information Table S3, Figure
S2) with low molecular weight, a low number of rotatable
bonds and a high affinity to hENT1. The pharmacophore
queries generated for hRENT1 permeants consisted of four —
five features (Table 3). A selectivity rate of 100% and a
specificity rate of 84.62% was exhibited by PH4-23, which
can be considered as the best performing and most
discriminatory permeant pharmacophore (Table 3).

Figure 4a shows the superimposition of the two permeants
Guanosine and Gemcitabine that resulted in generating PH4-
23. Features of this pharmacophore were: one aromatic/planar
system, two hydrogen bond donor projections and one
hydrogen bond acceptor (Figure 4b, 4c). Distances and angles
were calculated for PH4-23 (Figure 4d).
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(a)

(d)

Figure 4. Pharmacophore query no. 23 of hENT1 permeants. (a) permeant’s training set, consisting of 2 ligands
Gemcitabine and Guanosine overlay. (b) A permeant molecule aligned with the pharmacophore query no. 23. (c)
pharmacophoric features. (d) Distances and angles between pharmacophore features.

In terms of substrate structural requirement for ENT1
transport, substrate pentose sugars ribose/deoxyribose and
arabinose moieties are primary determinates for
transport.'®32 Moreover, the substrate's pentose sugar
C(3") hydroxyl group is essential for ENT1 binding.!?
Permeants such as nucleosides and nucleoside analog
drugs are hydrophilic and, hence their permeation is
presumed to be facilitated via pentose sugar C(3') hydroxyl
group-hydrogen bonding interaction with ENTI.
Similarly, the permeant pharmacophore PH4-23 did
exhibit hydrogen bonding features.

3.4 Establishment of virtual screening using hENT1
inhibitor’s pharmacophore

To examine the efficacy of the PH4-36 pharmacophore
and its application in the drug design of new hENTI
inhibitors, we used this pharmacophore as a filter prior to
a small-scale virtual screening (VS). The drug-like ligand
library consisted of 5000 compounds; 56 were hENT1
inhibitors while the remaining compounds were the decoy

set, obtained from a commercial ligand library (i.e.,
TimTec), all were filtered according to Lipinski’s rule of
five.* Then, the ligand library was docked into the crystal
structure of hENT1 where the co-crystallized ligand was
used for binding site identification purposes.

Three protocols were applied to the drug-like ligand
library to screen virtually for the 56 hENT1 inhibitors
(Scheme 1). These protocols were: SP, a standard docking-
based VS with no filters; FP-1, a VS protocol preceded by
the use of hENT 1 inhibitor pharmacophore PH4-36 as filter-
in. For the third protocol, FP-2, a further optimization step
was added to the VS protocol by including a hENTI1
permeants pharmacophore that filter-out permeants. Hence
the third VS protocol, FP-2, was preceded by the use of the
hENT1 permeants pharmacophore PH4-23 as filter-out,
combined with hENT1 inhibitor pharmacophore PH4-36 as
filter-in. Furthermore, to assess the screening protocol's
success, the area under receiver operating characteristic
(AU-ROC) curves were calculated. ROC graph is a
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graphing method used for visualizing, evaluating and
comparing the performance of the three VS protocols.*3
Each ROC curve depicts the correlation between the number
of retrieved ligands of interest (true positive) and the number
of decoys (true negative) at various portions of top-ranked
ligands obtained from VS. The higher the value of AU-
ROC, the better the performance of that screening protocol.

The initial glance of implementing the FP-1 protocol is
that it immediately resulted in drastic downsizing for the
5000 ligands library by around 79% (i.e., down to 1034

compounds) relative to the SP protocol (Scheme 1). As for

Azza Ramadan, et al.,

FP-2, the prepared ligand library was first passed through
the permeant pharmacophore. The ligands that fit the
permeant pharmacophore were excluded, while the
remaining ones that did not fit were then passed through
the second filter of the inhibitor pharmacophore. Similarly
to FP-1, FP-2 resulted in a significant reduction of the 5000
ligand library down to 1031 compounds. FP-2 slightly
downsized the ligand library to be docked onto the binding
site (1013 compounds) compared to FP-1 (1034

compounds) (Scheme 1).

5000 decoy set
ligand library, 56 of

which are known
hENT1 inhibitors

FP-1
e Y ' It
Screen with Screen with
Docking into Inhibitor permeant
hENT1 binding site pharmacophore no. pharmacophore no.
36 23
L. A
1034 I Fit 4941 Unfit
e s ™
Screen with
Docking into inhibitor
hENT1 binding site pharmacophore
no.36
A \ J
/ 1013 Fit
Calculating
the area under
the receiver
chanactorigtic P Docking into_
curves (AU- hENT1 binding site
ROC)

—

Scheme 1. The three virtual screening protocols utilized in the decoy set validation test.

We then determined the rate of retrieved inhibitors of
the standard, one and two filtered-based protocols and
performed a ROC analysis. In the top 1% of the 5000-
docked ligands, retrieved rates of 19.6% and 21.3% were
seen with the single-filter and dual-filter protocol,

respectively, in comparison to the SP approach which

- 300 -

showed less %EF of 12.5% (Table 4). Hence, the filter-
based protocols were able to pull up a higher number of
inhibitors at the top 1 % of the docked ligands compared
to the non-filtered protocol. Similarly, the rate in the top
3% of the docked ligands was higher in the filter-based
protocols with values of 35.3% in FP-1 and 34% in FP-2
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than the standard non-filter approach which showed only
17.8% (Table 4). Remarkably, in the top 20% of docked
ligands, while FP-1 and FP-2 were capable of retrieving
almost all docked inhibitors (with %EF values of 98% and
100%, respectively), the SP approach was only capable of
retrieving 57% of the hENT1 inhibitors (Table 4). Based
on the rate of retrieved inhibitors (true positive rate) and
the rate of retrieved decoys (true negative rate) at various
portions of top-ranked ligands obtained from the three VS

protocols, a ROC curves were plotted for the three
protocols where AUC value for each curve was then
calculated. AU-ROC values of 0.802, 0.927 and 0.941
were seen for SP, FP-1 and FP-2, respectively. The higher
the AU-ROC value the better the performance is. Overall,
the one and two filtered approaches consistently
performed better, evident by the significantly higher AU-
ROC value, relative to the non-filtered SP approach

(Figure 5).

[
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Figure 5. ROC analysis of the three assessed protocols: SP-1, non-filtered protocol; FP-1, one filter protocol; FP-
2, two filters protocol. TPR: True Positive Rate; TNR: True Negative Rate.

Standard protocols for VS of a large-sized library have
limitations; including the lengthy period of docking and
scoring compounds, and the generation of many false-
positive compounds that are ranked highly in docking
scores ahead of the true positive compounds.*® Similar to
previous studies,?®3%37 the VS results demonstrated the
efficiency of the pharmacophore filter-based approach to
pick up true hENT]1 inhibitors over decoys, evident by the
improved retrieval rates of the VS output compared with
the nonfilter-based approach. Moreover, a significant
reduction in the size of the ligand library was obtained by

the filtered based approach to be docked on the hENT1
binding site, which resulted in the speed up of VS.

3.5 Analysis of inhibitors—-hENT1 complexes

To identify the essential residues for inhibitors binding to
hENT1, a PLIF was generated for the VS hENT1-docked
inhibitors complexes using MOE software.?® The PLIF-
interaction occupancy of all interacting residues in the hENT1
binding site was then determined. The interaction occupancy
is defined as the percentage of ligands interacting with the
side or main chain of a given amino acid. A total of 20

residues were found to participate in the protein-ligand
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interaction (Figure 6a). Trp29, Met33, Asn338, and Asp341
showed the highest binding interactions evident by their high
% occupancies of ~ 45% in comparison to other residues

(Figure 6b). Furthermore, hydrogen bonding and arene

(a)

30

20

Interaction occupancy (%)

i
10 }
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interaction with Met33; and hydrogen bonding with Trp29,
Asn338, and Asp341 appeared to facilitate the inhibitors
binding to hENT1 (Figure 6b).

"

Asn338 T

Figure 6. (a) The docked poses of inhibitors onto the crystal structure of the hENT1 a-helical TM domain. (b) Protein
ligand interaction fingerprint of ENT1 inhibitors (H: H-bond attraction, I: ionic attraction, R: arene attraction).

Consistent with our structural findings, Trp29, Met33,
and Asn338 have been previously shown to be necessary for
the inhibitor Dilazep binding to hENTI1.® Dilazep's
trimethoxybenzoic acid group was shown to interact with
Trp29, present within the orthosteric site of the hENT1
central cavity while the central diazepane ring of Dilazep
interacted hydrophobically with Met33. In the hENTI
opportunistic site, located proximally to the orthosteric site,
Dilazep's other trimethoxyphenyl ring formed hydrogen
bonding with Asn338.% Similarly, we observed that arene
interaction (possibly hydrophobic) with Met33 and
hydrogen bonding with Asn338 facilitated the inhibitors
interaction with hENT1 (Figure 6b). Asp341, another
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identified key residue that facilitated the inhibitors
interaction with hENTT in the current study, was reported to
be essential for the binding of the inhibitor NBTI to hENT1.
It was demonstrated that 3'-OH of the ribose moiety of
NBTI interacted with Asp341 present within the hENT1
orthosteric site,?® likely via hydrogen bonding. Overall, the
results highlighted the key interaction residues for inhibitors
binding to hENTI and further confirms VS protocol's
validity and applicability in selecting real hENT1 inhibitors
given that the identified key interacting residues Trp29,
Met33, Asn338, and Asp341, has been previously reported
to be essential for inhibitors binding to hENTI.
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4. CONCLUSION

In conclusion, we have reported the successful
development of highly sensitive and selective
pharmacophoric model for hENTI inhibitors. Also, the
present study demonstrated a new virtual screening
protocol  where the  aforementioned  inhibitor
pharmacophore was used as filtration tools within the
hENTT1 inhibitors VS scheme. Furthermore, the proposed
protocols were successfully able to reduce the size of the
screened ligand library by almost 80% (prior to docking)

and to accurately select the true hENT1 inhibitor among

TABLES

decoy ligands, which led to a more rapid and effective VS
approach. The novel computer-aided protocol proposed in
this work can help in the discovery of new hENTI
inhibitors as potentially acting cardio- and neuroprotective
agents. Future studies will focus on utilizing the proposed
virtual screening protocol to identify new prospective
hENT1 inhibitors and testing their effect on hENT1
transport in vitro and in vivo.
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Table 1. Mean values (+standard deviations) of calculated physicochemical parameters for inhibitors.

Physicochemical property Inhibitors (+ SD) Permeants (+ SD)
Mean MWT [E(Da) 473.52 £ 136.24 269.70 + 34.36
Mean #HBA [ 4.82 £2.35 6.05+1.51

Mean #HBD [ 2+1.82 3.72+1.13
Mean Log P 1.87 £2.08 -1.56 +0.65
Mean No. of rotatable bonds 10+£6.13 2.22+0.65

Mean PSA [ (A2) 180.8 = 88.7 37.01 £86.31

Mean HSA [ (A2)

708.63 +£117.32

423.79 + 89.54

[a] Molecular Weight; [b] Number of Hydrogen Bond Acceptor, [c] Number of Hydrogen Bond Donor, [d] Polar Surface

Area, [e] Hydrophobic Surface Area.

Table 2. The selectivity and specificity of the best performing pharmacophore for inhibitors

Selectivity Specificity
PH4 no. Features
‘Se” (%) 'Sp’ (%)

1 1: Hyd 2: Acc2 3: Acc 4; Aro | Hyd 92.30 75

1:Hyd 2:Acc2 3:Aro[Hyd 4:Don|Acc 94.23 43.75
6 1:Hyd 2:Hyd 3:Acc2 4:Aro|Hyd 82.69 81.25
21 1:Hyd 2:Acc2 3:Aro[Hyd 4:Acc|Cat 86.53 75.00
30 1:Hyd 2:Hyd 3:Acc2 4:Acc 92.30 62.5
36 1:Hyd 2:Hyd 3:Acc2 4:Aro|Hyd 92.30 87.5
40 1:Hyd 2:Aro|Hyd 3:Aro|Hyd 4:Don|Acc 88.5 100

Aro: Aromatic center, Don: H-bond donor, Hyd: hydrophobic centroid, Acc: H-bond acceptor, Acc2: H-bond acceptor

projection, Cat: cationic
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Table 3. The selectivity and specificity of the best performing pharmacophore for hENT 1 permeants.

Selectivity Specificity
PH4 no. Features
Se (%) Sp (%)
1:Don2 2:Acc2 3:Aro|Hyd 4:Don|Acc 5:Acc|Cat  93.75 69.23
9 1:Aro|PiR 2:Hyd 3:Don 4:Acc 5:Aro|Hyd 87.5 82.69
16 1:Aro|PiR 2:Hyd 3:Acc2 4:Don 100 75
17 1:Aro|PiR 2:Hyd 3:Acc2 4:Don|Ani 100 75
21 1:ArolHyd 2:Don|Acc 3:Don|Acc 4:Don|Acc 100 65.38
5:Acc|Cat
23 1:Aro|PiR 2:Don2 3:Don2 4:Acc2 100 84.62
28 1:Aro|PiR 2:Acc2 3:Acc 4:Aro|Hyd 93.75 61.54
49 1:Don2  2:ArolHyd 3:Don|Acc  4:Don|Acc 93.75 75
5:Acc|Cat

Aro: Aromatic center, Don: H-bond donor, Hyd: hydrophobic centroid, Acc: H-bond acceptor, Acc2: H-bond

acceptor projection, Don2: H-bond donor projection, Cat: Cationic, PiR: Pi ring or Aromatic

Table 4. Retrieved rate of hENTL inhibitors at various portions of the sorted docked ligands from filter-based
and non-filtered-based VS.

Output percentage of the top-ranked docked

The rate of retrieved inhibitors

5000-ligand library No-filter One filter Two filters
1 12.5 19.6 21.27

3 17.8 35.29 34.04

5 26.78 49.02 48.93

10 42.85 80.39 80.85

20 57.14 98.04 100
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